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The mammalian Toll-like receptors (TLRs) play an important role in the recognition of invading pathogens and the modulation of innate
immune responses. The primary objective of this study was to characterize single nucleotide polymorphisms (SNPs) and insertion–deletion
polymorphisms (indels) within bovine TLRs 1, 5, and 10, thereby facilitating future TLR signaling and association studies relevant to bovine
innate immunity. Comparative sequence analysis for 10 bovine breeds derived from Bos taurus and Bos indicus revealed 98 polymorphisms (92
SNPs and 6 indels), with at least 14 nonsynonymous SNPs located within predicted TLR domains considered to be of functional significance. Of
the 98 polymorphisms detected, 94 are reported here for the first time. Notably, 2 nonsynonymous SNPs were determined to modulate the
prediction of a novel leucine-rich repeat (LRR) domain within B. indicus TLR5. Prediction and comparison of TLR protein domain architectures
for multiple species revealed seven conserved regions of LRR patterning associated with the three genes investigated.
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system that enables host defense against a variety of pathogens
without requiring prior exposure [1,2]. Key advances in the
field of innate immunity were catalyzed by the discovery that
Toll, a Drosophila protein originally observed to govern dorsal/
ventral polarity during development, was also required for
Drosophila to mount an effective immune response to the
fungus Aspergillus fumigatus [3–6]. At present, nine members
of the Toll gene family have been identified within the Droso-
phila genome, while mammals are generally considered to
possess 10 or 12 functional Toll-like receptor (TLR) genes
(TLRs 1–10 in human; TLRs 1–9 and 11–13 in mouse) [2,5–7].
Among mammals, members of the TLR gene family carry out a
fundamental role in the recognition of pathogen-associated
molecular patterns (PAMPs) from bacteria, viruses, protozoa,
and fungi, thereafter provoking the modulation of an innate
immune response [1,2].⁎ Corresponding author. Fax: +1 979 845 9972.
E-mail address: jwomack@cvm.tamu.edu (J.E. Womack).
1 Current address: Monsanto Company, 800 N Lindbergh Boulevard, St
Louis, MO 63167, USA.
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doi:10.1016/j.ygeno.2007.07.001The mammalian TLR genes encode type I transmembrane
proteins with an extracellular domain composed of leucine-rich
repeats (LRRs) involved in ligand recognition and an intra-
cellular region containing a Toll/IL-1 receptor (TIR/IL-1R)
homologous domain that is essential for signal transduction
[1,2]. Members of the mammalian TLR gene family are prima-
rily expressed on antigen-presenting cells such as macrophages
or dendritic cells, and although each TLR shares common
molecular effects, each TLR also possesses a specific function
[2]. Importantly, ligand specificity has been elucidated for most
mammalian TLRs and can generally be categorized by mole-
cular component (lipids, proteins, and nucleic acids), with all
TLR ligands acting as immune adjuvants [2,7]. To date, at least
four TLRs have been associated with recognition of viral
constituents (TLRs 3, 7, 8, 9), while six (TLRs 1, 2, 4, 5, 6, 9) are
known to recognize microbial and/or synthetic ligands (for
review see [1,7]). Currently, TLR10 remains the only orphan
member of the human TLRs for which a specific ligand has not
been identified [8]. One factor previously inhibiting the
assignment of a specific ligand to TLR10 was the lack of a
functional rodent homologue [8]. However, a homologue was
recently identified in the rat (Rattus norvegicus) genome, and
503C.M. Seabury et al. / Genomics 90 (2007) 502–515TLR10 expression has subsequently been observed in male rat
reproductive tissues [8,9].
The plethora of recent TLR studies has demonstrated that the
mammalian innate immune system possesses a greater degree of
specificity than was previously hypothesized, with a highly
developed ability to discriminate between self and foreign
pathogens [7,10]. This scientific progress has remodeled
previous ideas about the diagnosis and treatment of infectious,
immune, and allergic diseases [7,11,12]. Moreover, a recent
study illustrates the importance of defining TLR polymorph-
isms by demonstrating that several human TLR5 missense
mutations abolish bacterial-induced signal transduction [12].
Nevertheless, the application of this knowledge to domestic
food-animal species and their respective populations remains
somewhat limited. Recent studies identified expression of
bovine and ovine TLRs 1–10 in epithelial tissues [13].
Additionally, all 10 bovine TLRs have previously been mapped
using radiation hybrid (RH) technology [14–16]. Currently, few
reports exist regarding bovine TLRs 1, 5, and 10, with little or
nothing published on genetic polymorphism within these genes
[13,14,17,18]. Relevant to the modulation of bovine innate
immunity, TLR1 has been demonstrated to recognize triacyl
lipopeptides of bacteria and mycobacteria, whereas TLR5
senses bacterial flagellin [1,7]. Additionally, the production of
functional TLR heterodimers (TLR10/TLR1, TLR10/TLR2,
TLR2/TLR1) may enable the resulting protein complexes to
recognize a wide variety of microbial PAMPs [8,19,20].
Therefore, we considered TLRs 1, 5, and 10 to be potential
candidate genes for resistance to microbial diseases of both
cattle and humans.
In this study we report a comparative sequence analysis for
bovine TLRs 1, 5, and 10 using a DNA panel of nine breeds
derived from Bos taurus, Bos indicus, and crosses thereof (B.
taurus, Angus, Charolais, Holstein, Limousin; Bos indicus,
Brahman, Nelore; crossbred, Braford, Piedmontese, Romag-
nola). The Hereford reference sequence from the Bovine
Genome Project (http://www.hgsc.bcm.tmc.edu/projects/
bovine/) was also included for guidance and comparison.
Information regarding the origin of all breeds surveyed may be
accessed at the Oklahoma State University Web site (http://
www.ansi.okstate.edu/breeds/cattle/). The results of this study
provide novel single nucleotide polymorphisms (SNPs) and
insertion–deletion polymorphisms (indels) that will facilitate
future association and TLR signaling studies relevant to bovine
innate immunity. Moreover, we also describe how nonsynon-
ymous SNPs (nsSNPs) within bovine TLRs 1, 5, and 10
influence the prediction of protein domain architecture while
also comparatively defining conserved regions of LRR pattern-
ing among cow, human, mouse, rat, dog, and chicken.
Results
Bovine TLR polymorphisms detected
Collectively, 11,307 bp corresponding to bovine TLRs 1,
5, and 10 were interrogated for 9 domestic cattle breeds and
compared to the equivalent Hereford TLR reference sequencesfrom the Bovine Genome Project. In total, 92 SNPs were
identified, resulting in an average density of 1 SNP for
every 123 bp sequenced. Additionally, 6 indel polymorph-
isms were identified, with all possible genotypic classes
(+/+; +/−; −/−) observed within the panel of 10 cattle
breeds. Of the 92 SNPs identified, 73% (n=67) were
transitions (A ↔ G; C ↔ T) and 27% (n=25) were
transversions. A search of the published literature on bovine
TLRs 1, 5, and 10 revealed that 96% of the polymorphisms
detected (94 of 98) are formally reported here for the first
time. Notably, 2 nsSNPs identified in this study resulted in
the prediction of a novel bovine LRR domain. Bovine TLR
polymorphisms reported herein will facilitate future ligand
recognition, signal transduction, and association analyses
important for elucidating the molecular mechanisms govern-
ing resistance and susceptibility to microbial diseases
affecting domestic cattle.
TLR1
Bovine TLR1 is interstitially located between TLR10 and
TLR6 on BTA6 [14]. The genomic position of bovine TLR1
has been independently confirmed (E.J. Cargill and J.E.
Womack, unpublished data) in our laboratory using a 5000rad
RH panel previously described [21]. The bovine TLR1 mRNA
comprises five exons (1a, 1b, 1c, 1d, and 1e) with a total
length of 2743 bp [18]. The final exon, termed exon 1e [18], is
2621 bp and encodes a protein of 727 amino acids [18]. Ten of
14 SNPs identified by comparative sequence analysis of TLR1
(2184 bp comprising the complete coding sequence within
exon 1e) for 10 bovine breeds are reported here for the first
time (Table 1). Of the 14 SNPs identified, 5 were nonsynon-
ymous. Overall, more than 92% of the SNPs encountered were
transitions. All bovine TLR1 SNPs and predicted amino acid
replacements are depicted in Table 1. The genomic positions
of all bovine TLR1 SNPs, corresponding major and minor
allele frequencies, SNP genotypes, amino acid positions, and
relevant GenBank accession numbers are also described in
Table 1.
No repetitive sequences were identified within the targeted
region of bovine TLR1 (NC_007304) using RepeatMasker
online (http://www.repeatmasker.org/). However, it should be
noted that the current library for bovine repeats is likely to be
incomplete, thereby rendering some repeats unrecognizable by
RepeatMasker. No putative CpG islands were detected by either
CpG Plot (http://www.ebi.ac.uk/emboss/cpgplot/) or CpGProD
(http://pbil.univ-lyon1.fr/software/cpgprod_query.html). Insuf-
ficient 5′ flanking sequence precluded promoter prediction
analyses for bovine TLR1.
Comparative prediction of TLR1 protein domain archi-
tectures using the Simple Modular Architecture Research Tool
(SMART) [22] for B. taurus, B. indicus, Homo sapiens, Mus
musculus, Canis familiaris, and Gallus gallus revealed one
cluster of LRR patterning that was conserved across all species
investigated (Fig. 1). Despite several BLAST searches of the rat
genome (R. norvegicus) online (http://www.ncbi.nlm.nih.gov/
genome/seq/BlastGen/BlastGen.cgi?taxid=10116), no rat TLR1
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comparative protein domain analysis. Predicted amino acid
replacements detected (Table 1) for B. taurus and B. indicus did
not result in the SMART prediction of novel protein domain
architectures. The relative locations of all predicted amino acid
polymorphisms encoded by bovine TLR1 are displayed in
Fig. 1.
TLR5
Bovine TLR5 was recently mapped to BTA16 [14] and
independently verified (E.J. Cargill and J.E. Womack, un-
published data) in our laboratory using a 5000rad RH panel
[21]. The TLR5 coding region comprises a single exon repre-
senting 2577 bp and encodes a protein of 858 amino acids
(NW_487823, NW_001502816.1). The untranslated regions of
bovine TLR5 have yet to be formally reported, indicating that
the complete genomic structure and sequence remain undeter-Table 1
Single nucleotide polymorphisms (SNPs) detected in bovine TLR1 by comparative s
accession numbers for the TLR1 sequences generated for each breed
Alleles b Genomic pos. c Observed freq. d Amino acid pos. e Amin
A/G 42 0.95/0.05 14 Ile/M
G/A 363 0.90/0.10 121 Glu/G
A/G 409 0.95/0.05 137 Thr/
T/C 603 0.60/0.40 201 Phe/P
C/T 1317 0.95/0.05 439 Asn/
C/T 1422 0.90/0.10 474 Phe/P
A/G 1432 0.90/0.10 478 Ile/V
A/C 1446 0.70/0.30 482 Ser/S
G/A 1521 0.55/0.45 507 Lys/L
A/G 1567 0.70/0.30 523 Ile/V
A/G 1807 0.95/0.05 603 Ile/V
T/C 1902 0.60/0.40 634 Phe/P
C/T 1905 0.60/0.40 635 Val/V
C/T 1929 0.95/0.05 643 Ser/S
Breed GenBank Breed GenB
Angus EU006652 Charolais EU0
Braford EU006644 Holstein EU0
Brahman EU006645 Limousin EU0
a An, Angus; Bd, Braford; Bn, Brahman; Ch, Charolais; Hn, Holstein; L, Limous
compared to the Hereford TLR1 sequence (GenBank Accession No. NC_007304).
b Alleles are depicted as major allele/minor allele, with the Hereford (NC_007304
c Genomic position based on GenBank Accession No. NC_007304 (Hereford).
d Observed frequencies for major and minor alleles, respectively.
e Amino acid position based on GenBank Accession No. NC_007304 (Hereford).
f Predicted amino acid(s) encoded by the major and minor alleles, respectively, w
g Novelty of the polymorphism: Y, the first known report of the polymorphism; N
h Breed reference and annotation of TLR1 SNPs deviating from the GenBank Acc
using the IUPAC codes for heterozygosity. Homozygous genotypes are indicated by
i Opsal et al. [18].
j McGuire et al. [14].
k Menzies and Ingham [13].mined. In this study we generated 1959 bp of 5′ nucleotide
sequence immediately upstream of the bovine TLR5 coding
region and 728 bp 3′ of the termination codon. Comparative
sequence analysis of 5264 bp for 10 bovine breeds yielded 46
SNPs and 6 indels (Tables 2 and 3). To the authors' best
knowledge, none of the 52 bovine TLR5 polymorphisms have
previously been reported. All TLR5 indels were identified
upstream of the coding region, with all possible genotypic
classes observed within the bovine breed panel utilized. Of the
12 SNPs detected within the coding region of bovine TLR5,
6 were nonsynonymous (Table 2). Overall, nearly 70% of
the SNPs observed were transitions. Moreover, transitions
accounted for 83% of the genetic variation observed within the
coding region of all breeds investigated. No significant
mutational bias toward either transitions or transversions was
detected in a comparison of the observed SNPs (Table 2) within
the coding and noncoding regions for all breeds investigated
(p=0.2938; two-tailed Fisher's exact test). Bovine TLR5 SNPsequence analysis of 10 domestic cattle breeds a and the corresponding GenBank
o acid f First report g (SNP genotype) bovine breed h dbSNP ID
et Y (R) N ss73689504
lu Y (A) Bn ss73689407
Ala Y (R) N ss73689408
he N i (T) Bd, Bn, Ch, N ss73689409
(Y) An, Hn, L, Ro
Asn Y (Y) N ss73689410
he Y (T) N ss73689411
al Y (G) N ss73689412
er Y (C) Bd, N ss73689413
(M) Hn, L
ys Y (A) Bd, Ch ss73689414
(R) An, Hn, L, N, Ro
al N j, k (R) An, L, N, Ro ss73689415
(G) P
al Y (R) N ss73689416
he N j (T) An, Ch, N, P, Ro ss73689417
(Y) Hn, L
al N j (C) An, Ch, N, P, Ro ss73689418
(Y) Hn, L
er Y (Y) N ss73689419
ank Breed GenBank
06646 Nelore EU006649
06647 Piedmontese EU006650
06648 Romagnola EU006651
in; N, Nelore; P, Piedmontese; Ro, Romagnola. All bovine TLR1 sequences are
) allele depicted in bold, underlined text.
ith predicted amino acid replacements depicted in bold.
, the polymorphism has previously been reported.
ession No. NC_007304 (Hereford). Heterozygous SNP genotypes are depicted
a standard, single nucleotide (A, C, T, G).
Fig. 1. Comparative evaluation of TLR1 protein domain architectures for B. taurus, B. indicus, H. sapiens, M. musculus, C. familiaris, andG. gallus. Domain diagrams
were generated using SMART [22] and are not precisely scaled. Additionally, only domains that were both confidently predicted and nonoverlapping are illustrated
here. Nucleotide and amino acid sequences for all species except B. indicus were retrieved from GenBank (B. taurus NC_007304; H. sapiens NM_003263; M.
musculus NM_030682; C. familiaris XM_848960; G. gallus AB109401). The B. indicus TLR1 sequence was derived from this study. Patterns of leucine-rich repeats
(LRRs) conserved across all taxa are indicated by a dashed black box. SMART-predicted domains and protein regions are indicated as follows: signal peptides are
indicated by small red boxes; low-complexity regions are indicated in pink; regions of intrinsic disorder are indicated by small blue boxes; regions containing repeats
not covered by domains are labeled RPT; leucine-rich repeats are depicted as LRR, PFAM LRR, and LRRCT; vertical blue rectangles indicate the transmembrane
domain; TIR indicates Toll–interleukin 1-resistance homologous domain. Black arrows indicate the locations of predicted amino acid polymorphisms encoded by
bovine TLR1 nsSNPs (14 Ile/Met, 137 Thr/Ala, 478 Ile/Val, 523 Ile/Val, 603 Ile/Val, see Table 1). The predicted amino acid replacements encoded by bovine TLR1 did
not result in the prediction of novel protein domain architectures for either species of Bos.
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Interestingly, all six predicted amino acid replacements were
observed for breeds derived from B. indicus (Table 2). The
genomic positions of all SNPs, major and minor allele fre-
quencies, SNP genotypes, amino acid positions, and relevant
GenBank accession numbers are also provided in Table 2.
Five repetitive sequences were detected within the targeted
regions of bovine TLR5 (NW_487823, NW_001502816.1)
using RepeatMasker online (http://www.repeatmasker.org/).
Collectively, the repetitive sequences totaled 735 bp and
consisted of the following five repeats: SINE/tRNA-Glu
(387–565), simple repeat (814–836), LINE/L1 (837–1055),
LINE/L2 (1332–1419), SINE/BovA (4608–4833). Two bovine
TLR5 indel polymorphisms (insertion AAT 835/836; deletion C
1369) occur within the repetitive sequences identified by
RepeatMasker (see Table 3). No putative CpG islands were
identified by either CpG Plot (http://www.ebi.ac.uk/emboss/
cpgplot/) or CpGProD (http://pbil.univ-lyon1.fr/software/
cpgprod_query.html). Moreover, no putative promoters werepredicted for bovine TLR5 via CpGProD or PROSCAN (http://
www-bimas.cit.nih.gov/molbio/proscan/).
Comparative prediction of TLR5 protein domain architec-
tures via SMART [22] for B. taurus, B. indicus, H. sapiens, M.
musculus, R. norvegicus, C. familiaris, and G. gallus revealed
three prominent clusters of LRR patterning that were conserved
among all species investigated (Fig. 2). Notably, SMART [22]
predicted a novel LRR domain for B. indicus TLR5 (Fig. 2).
Two predicted amino acid replacements (378 Glu, 442 His;
Table 2), both independently and collectively, were determined
to modulate the SMART prediction of the novel LRR domain
observed (Fig. 2). The relative locations of all predicted amino
acid polymorphisms encoded by bovine TLR5 (Table 2) are
depicted in Fig. 2.
TLR10
Bovine TLR10 was recently mapped to BTA6 [14] and is
part of the 50-kb TLR6–TLR1–TLR10 gene cluster [18]. The
Table 2
Single nucleotide polymorphisms (SNPs) detected in bovine TLR5 by comparative sequence analysis of 10 domestic cattle breeds a and the corresponding GenBank
accession numbers for the TLR5 sequences generated for each breed
Alleles b Genomic pos. c Observed freq. d Amino acid pos. e Amino acid f First report g (SNP genotype) bovine breed h dbSNP ID
G/C 67 0.90/0.10 NA NA Y (G) An, Bd, Bn, Ch,
Hn, L, N, P, Ro
ss73689420
C/A i 159 0.50/0.50 NA NA Y (A) An, Ch, Hn ss73689421
(M) Bd, Bn, P, Ro
A/G 314 0.55/0.45 NA NA Y (G) An, Ch, Hn ss73689422
(R) Bd, P, Ro
T/C 322 0.65/0.35 NA NA Y (T) An, Bn, Ch, Hn, N ss73689423
(Y) Bd, P, Ro
T/C 365 0.95/0.05 NA NA Y (Y) N ss73689424
G/A i 513 0.50/0.50 NA NA Y (A) An, Ch, Hn ss73689425
(R) Bd, Bn, P, Ro
G/T 535 0.95/0.05 NA NA Y (K) N ss73689426
G/T i 540 0.50/0.50 NA NA Y (T) An, Ch, Hn ss73689427
(K) Bd, Bn, P, Ro
G/A i 551 0.50/0.50 NA NA Y (A) An, Ch, Hn ss73689428
(R) Bd, Bn, P, Ro
C/T i 580 0.50/0.50 NA NA Y (T) An, Ch, Hn ss73689429
(Y) Bd, Bn, P, Ro
C/T i 584 0.50/0.50 NA NA Y (T) An, Ch, Hn ss73689430
(Y) Bd, Bn, P, Ro
C/A i 805 0.50/0.50 NA NA Y (A) An, Ch, Hn ss73689431
(M) Bd, Bn, P, Ro
T/A 838 0.90/0.10 NA NA Y (W) Bn, N ss73689432
C/T 1008 0.90/0.10 NA NA Y (Y) Bn, N ss73689433
G/A i 1037 0.50/0.50 NA NA Y (A) An, Ch, Hn ss73689434
(R) Bd, Bn, P, Ro
G/C i 1137 0.50/0.50 NA NA Y (C) An, Ch, Hn ss73689435
(S) Bd, Bn, P, Ro
G/T i 1189 0.50/0.50 NA NA Y (T) An, Ch, Hn ss73689436
(K) Bd, Bn, P, Ro
C/T i 1254 0.50/0.50 NA NA Y (T) An, Ch, Hn ss73689437
(Y) Bd, Bn, P, Ro
C/T 1498 0.90/0.10 NA NA Y (Y) Bn, N ss73689438
G/T 1598 0.90/0.10 NA NA Y (K) Bn, N ss73689439
G/A i 1650 0.50/0.50 NA NA Y (A) An, Ch, Hn ss73689440
(R) Bd, Bn, P, Ro
T/C i 1684 0.50/0.50 NA NA Y (C) An, Ch, Hn ss73689441
(Y) Bd, Bn, P, Ro
C/T 1726 0.65/0.35 NA NA Y (C) An, Bn, Ch, Hn, N ss73689442
(Y) Bd, P, Ro
T/A j 1743 0.94/0.06 NA NA Y (W) Ro ss73689443
A/G 2463 0.95/0.05 168 Glu/Glu Y (R) N ss73689444
A/G 2500 0.95/0.05 181 Lys/Glu Y (R) N ss73689445
C/T 3090 0.90/0.10 377 Asp/Asp Y (Y) Bn, N ss73689446
A/G 3091 0.90/0.10 378 Lys/Glu Y (R) Bn, N ss73689447
T/C 3283 0.85/0.15 442 Tyr/His Y (Y) Bn ss73689448
(C) N
T/C i 3720 0.50/0.50 587 Leu/Leu Y (C) An, Ch, Hn ss73689449
(Y) Bd, Bn, P, Ro
C/T 3897 0.95/0.05 646 Val/Val Y (Y) Ch ss73689450
G/A 3934 0.90/0.10 659 Ala/Thr Y (R) Bn, N ss73689451
C/G 3996 0.95/0.05 679 Phe/Leu Y (S) N ss73689452
G/C 4167 0.85/0.15 736 Pro/Pro Y (S) Bn ss73689453
(C) N
G/A 4419 0.75/0.25 820 Glu/Glu Y (A) Ch ss73689454
(R) An, Bd, Bn
G/A 4483 0.90/0.10 842 Glu/Lys Y (R) Bn, N ss73689455
A/T 4575 0.90/0.10 NA NA Y (T) N ss73689456
G/A 4580 0.65/0.35 NA NA Y (G) An, Bn, Ch, Hn, N ss73689457
(R) Bd, P, Ro
C/T 4632 0.70/0.30 NA NA Y (T) Bn, Ch ss73689458
(Y) An, Bd
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Table 2 (continued )
Alleles b Genomic pos. c Observed freq. d Amino acid pos. e Amino acid f First report g (SNP genotype) bovine breed h dbSNP ID
G/A 4721 0.90/0.10 NA NA Y (R) Bn, N ss73689459
C/T 4846 0.85/0.15 NA NA Y (T) N ss73689460
(Y) Bn
C/G 4979 0.65/0.35 NA NA Y (C) An, Bn, Ch, Hn, N ss73689461
(S) Bd, P, Ro
G/A 4988 0.90/0.10 NA NA Y (R) Bn, N ss73689462
C/T 5047 0.95/0.05 NA NA Y (Y) N ss73689463
A/G 5150 0.65/0.35 NA NA Y (A) An, Bn, Ch, Hn, N ss73689464
(R) Bd, P, Ro
A/G 5199 0.95/0.05 NA NA Y (R) N ss73689465
Breed GenBank Breed GenBank Breed GenBank
Angus EU006639 Charolais EU006637 Nelore EU006641
Braford EU006635 Holstein EU006638 Piedmontese EU006642
Brahman EU006636 Limousin EU006640 Romagnola EU006643
a An, Angus; Bd, Braford; Bn, Brahman; Ch, Charolais; Hn, Holstein; L, Limousin; N, Nelore; P, Piedmontese; Ro, Romagnola. All bovine TLR5 sequences are
compared to the Hereford TLR5 sequence (GenBank Accession Nos. NW_487823, NW_001502816.1).
b Alleles are depicted as major allele/minor allele, with the Hereford (NW_487823, NW_001502816.1) allele depicted in bold, underlined text.
c Genomic position based on GenBank accessions (NW_487823 and EU006640).
d Observed frequencies for major and minor alleles, respectively.
e Amino acid position based on GenBank accessions (Hereford NW_487823, NW_001502816.1).
f Amino acid(s) encoded by the major and minor alleles, respectively, with predicted amino acid replacements illustrated in bold.
g Novelty of the polymorphism: Y, the first known report of the polymorphism; N, the polymorphism has previously been reported.
h Breed reference and annotation of TLR5 SNPs deviating from the GenBank Accession Nos. NW_487823 and NW_001502816.1 (Hereford). Heterozygous SNP
genotypes are depicted using the IUPAC codes for heterozygosity. Homozygous genotypes are indicated by a standard, single nucleotide (A, C, T, G).
i Both alleles are equally represented in the sample.
j Both SNP variation and insertion–deletion variation were observed at this locus. Observed allele frequencies (T/A) were rounded.
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confirmed (E.J. Cargill and J.E. Womack, unpublished data)
in our laboratory using a 5000rad RH panel [21]. The bovine
TLR10 coding region consists of a single exon (exon 10a)
representing 2497 bp and encodes a protein comprising 812
amino acids [18]. To date, one small 3′ untranslated regionTable 3
Insertion–deletion polymorphisms (indels) detected in bovine TLR5 by comparative
TLR5 indel b bp c Genomic pos. d Indel sequence
Deletion 1 374 C
Insertion 25 627–628 CTCCTTCTGATCAGCTGTAAATTGT
Insertion 3 835–836 AAT
Deletion 1 1369 C
Deletion 1 1743 T
Insertion 1 1749–1750 A
a An, Angus; Bd, Braford; Bn, Brahman; Ch, Charolais; Hn, Holstein; L, Limous
compared to the Hereford TLR5 sequence (GenBank Accession No. NW_487823).
b Type of indel compared to the Hereford reference sequence (NW_487823).
c Number of base pairs inserted or deleted.
d Genomic position of indel based on the Hereford reference sequence (NW_4878
e Novelty of the polymorphism: Y, the first known report of the polymorphism de
f Observed indel allele frequency.
g Breed reference and annotation of TLR5 indels compared to GenBank Accessio(UTR; 107 bp; GenBank Accession No. AM086210) has
been formally described for bovine TLR10 [18]. Comparative
sequence analysis of 3859 bp spanning the coding (exon 10a)
and flanking regions of bovine TLR10 for a panel of 10 cattle
breeds yielded 32 SNPs. No SNPs were detected within the 3′
UTR previously described [18], and no indel polymorphismssequence analysis of 10 domestic breeds a
First report e Allele freq. f (Indel genotype) bovine breeds g dbSNP ID
Y 0.50 (−/−) An, Ch, Hn ss73689498
(+/−) Bd, Bn, P, Ro
Y 0.50 (+/+) An, Ch, Hn ss73689499
(+/−) Bd, Bn, P, Ro
Y 0.50 (+/+) An, Ch, Hn ss73689500
(+/−) Bd, Bn, P, Ro
Y 0.65 (−/−) An, Bn, Ch, Hn, N ss73689501
(+/−) Bd, P, Ro
Y 0.15 (−/−) N ss73689502
(+/−) Bn
Y 0.65 (+/+) An, Bn, Ch, Hn, N ss73689503
(+/−) Bd, P, Ro
in; N, Nelore; P, Piedmontese; Ro, Romagnola. All bovine TLR5 sequences are
23).
picted; N, the polymorphism has been previously reported.
n No. NW_487823 (Hereford).
Fig. 2. Comparative evaluation of TLR5 protein domain architectures for B. taurus, B. indicus, H. sapiens, M. musculus, R. norvegicus, C. familiaris, and G. gallus.
Domain diagrams were generated using SMART [22] and are not precisely scaled. Additionally, only domains that were both confidently predicted and
nonoverlapping are illustrated here. Nucleotide and amino acid sequences for all species except B. indicus were retrieved from GenBank (B. taurus NW_487823,
NW_001502816.1; H. sapiens NM_003268; M. musculus XM_977935; C. familiaris XM_545722; G. gallus NM_001024586). The B. indicus TLR5 sequence was
derived from this study. Patterns of leucine-rich repeats (LRRs) conserved across all taxa are indicated by dashed, black boxes. SMART-predicted domains and protein
regions are indicated as follows: signal peptides are indicated by small red boxes; regions of low complexity are indicated in pink; regions of intrinsic disorder are
indicated by small blue boxes; leucine-rich repeats are depicted as LRR, LRR TYP, PFAM LRR, and LRRCT; vertical blue rectangles indicate the transmembrane
domain; TIR indicates Toll–interleukin 1-resistance homologous domain. Black arrows indicate the locations of predicted amino acid polymorphisms encoded by
bovine TLR5 nsSNPs (181 Lys/Glu, 378 Lys/Glu, 442 Tyr/His, 659 Ala/Thr, 679 Phe/Leu, 842 Glu/Lys, see Table 2). A novel LRR domain predicted for B. indicus is
indicated by a red arrow and red domain frame.
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bovine TLR10 SNPs have previously been reported. Of the
21 SNPs detected within the coding region of bovine
TLR10, 12 were nonsynonymous. Overall, nearly 69% of the
SNPs observed were transitions. Likewise, transitions
accounted for the majority (∼67%) of the genetic variation
observed within the TLR10 coding region. All bovine
TLR10 SNPs and predicted amino acid replacements are
presented in Table 4. Additionally, the genomic positions of
all bovine TLR10 SNPs, corresponding major and minor
allele frequencies, SNP genotypes, amino acid positions, and
relevant GenBank accession numbers are also provided in
Table 4.
Analysis of bovine TLR10 (3859 bp; NW_381204) via
RepeatMasker online (http://www.repeatmasker.org/) revealed
six repetitive sequences located 3′ of the termination codon.Altogether, the repetitive sequences totaled 889 bp and con-
tained the following six repeats: LINE/L1 (2465–2769),
low complexity (2990–3024), SINE/BovA (3060–3231),
SINE/BovA (3236–3305), SINE/BovA (3290–3355), SINE/
tRNA-Glu (3359–3615). Six SNPs detected for bovine TLR10
occur within four of the repetitive sequences listed above (see
Table 4 for SNP positions). No putative CpG islands were pre-
dicted by either CpGProD (http://pbil.univ-lyon1.fr/software/
cpgprod_query.html) or CpG Plot (http://www.ebi.ac.uk/
emboss/cpgplot/). Insufficient 5′ flanking sequence precluded
promoter prediction analysis for bovine TLR10.
Comparative prediction of TLR10 protein domain architec-
tures using SMART [22] for B. taurus, B. indicus, H. sapiens,
R. norvegicus, and C. familiaris yielded three regions of
conserved LRR patterning among all species examined
(Fig. 3). Predicted amino acid replacements encoded by
Table 4
Single nucleotide polymorphisms (SNPs) detected in bovine TLR10 by comparative sequence analysis of 10 domestic cattle breeds a and the corresponding GenBank
accession numbers for the TLR10 sequences generated for each breed
Alleles b Genomic pos. c Observed freq. d Amino acid pos. e Amino acid f First report g (SNP genotype) bovine breed h dbSNP ID
T/C 71 0.90/0.10 3 Tyr/His Y (C) Bn ss73689466
G/A 117 0.90/0.10 18 Arg/His Y (A) N ss73689467
C/A 361 0.95/0.05 99 Ser/Arg Y (M) N ss73689468
C/A 414 0.95/0.05 117 Ala/Glu Y (M) N ss73689469
C/G 466 0.95/0.05 134 Ile/Met Y (S) N ss73689470
A/G 475 0.95/0.05 137 Glu/Glu Y (R) N ss73689471
T/C 617 0.95/0.05 185 Leu/Leu Y (Y) N ss73689472
C/A 697 0.95/0.05 211 Ile/Ile Y (M) Ro ss73689473
T/C 723 0.95/0.05 220 Ile/Thr Y (Y) N ss73689474
A/T 774 0.65/0.35 237 Asn/Ile Y (A) N, Bn, L, Ro ss73689475
(W) An, Bd, Ch, Hn, P
G/A 904 0.95/0.05 280 Val/Val Y (R) L ss73689476
A/T 956 0.95/0.05 298 Thr/ Ser Y (W) N ss73689477
A/G 1022 0.85/0.15 320 Ile/Val Y (G) Bn ss73689478
(R) N
A/G 1100 0.90/0.10 346 Met/ Val Y (G) Bn ss73689479
C/T 1132 0.95/0.05 356 Phe/Phe Y (Y) N ss73689480
T/C 1186 0.95/0.05 374 His/His Y (Y) N ss73689481
G/A 1237 0.75/0.25 391 Val/Val Y (R) An, Ch, P ss73689482
(A) Ro
C/T 1262 0.90/0.10 400 Leu/Leu Y (T) N ss73689483
A/G 2035 0.90/0.10 657 Leu/Leu Y (G) Bn Ss73689484
A/C 2322 0.95/0.05 753 Lys/Thr Y (M) N ss73689485
G/A 2352 0.90/0.10 763 Arg/His Y (A) Bn ss73689486
C/G 3186 0.95/0.05 NA NA Y (S) Ro ss73689487
G/A 3266 0.70/0.30 NA NA Y (R) An, Ch ss73689488
(A) P, Ro
A/G 3316 0.90/0.10 NA NA Y (G) Bn ss73689489
C/G 3332 0.90/0.10 NA NA Y (G) Bn ss73689490
T/C 3381 0.80/0.20 NA NA Y (C) Bn, N ss73689491
C/T 3395 0.80/0.20 NA NA Y (T) Bn, N ss73689492
G/A 3704 0.80/0.20 NA NA Y (A) Bn, N ss73689493
C/T 3756 0.80/0.20 NA NA Y (T) Bn, N ss73689494
G/A 3788 0.80/0.20 NA NA Y (A) Bn, N ss73689495
C/T 3885 0.90/0.10 NA NA Y (T) Bn ss73689496
T/A 3908 0.80/0.20 NA NA Y (A) Bn, N ss73689497
Breed GenBank Breed GenBank Breed GenBank
Angus EU006657 Charolais EU006655 Nelore EU006659
Braford EU006653 Holstein EU006656 Piedmontese EU006660
Brahman EU006654 Limousin EU006658 Romagnola EU006661
a An, Angus; Bd, Braford; Bn, Brahman; Ch, Charolais; Hn, Holstein; L, Limousin; N, Nelore; P, Piedmontese; Ro, Romagnola. All bovine TLR10 sequences are
compared to the Hereford TLR10 sequence (GenBank Accession No. NW_381204).
b Alleles are depicted as major allele/minor allele, with the Hereford (NW_381204) allele depicted in bold, underlined text.
c Genomic position based on GenBank Accession No. NW_381204 (Hereford).
d Observed frequencies for major and minor alleles, respectively.
e Amino acid position based on GenBank Accession No. NW_381204 (Hereford).
f Amino acid(s) encoded by the major and minor alleles, respectively, with predicted amino acid replacements illustrated in bold.
g Novelty of the polymorphism: Y, the first known report of the polymorphism depicted; N, the polymorphism has been previously reported.
h Breed reference and annotation of TLR10 SNPs deviating from the GenBank Accession No. NW_381204 (Hereford). Heterozygous SNP genotypes are depicted
using the IUPAC codes for heterozygosity. Homozygous genotypes are indicated by a standard, single nucleotide (A, C, T, G).
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of novel protein domain architectures using SMART [22].
However, two different predicted amino acid replacements
(3 His, 18 His; Table 4) were determined to independently
abolish the SMART prediction of a 5′ region of intrinsic
disorder for B. indicus TLR10 (see Fig. 3). The domain
locations and distribution of all TLR10 predicted amino acid
replacements for B. taurus and B. indicus are comparativelyillustrated in Fig. 3. Notably, M. musculus does not possess a
functional homologue of TLR10 [8] and therefore could not
be included in the comparative protein domain analysis
(Fig. 3). Likewise, G. gallus was also excluded from the
comparative protein domain analysis because a TLR10 homo-
logue could not be identified via megaBLAST, BLASTN,
or TBLASTN (http://www.ncbi.nlm.nih.gov/genome/seq/
BlastGen/BlastGen.cgi?taxid=9031). Previous investigators
Fig. 3. Comparative evaluation of TLR10 protein domain architectures for B. taurus, B. indicus, H. sapiens, R. norvegicus, and C. familiaris. Domain diagrams were
generated using SMART [22] and are not precisely scaled. Additionally, only domains that were both confidently predicted and nonoverlapping are illustrated here.
Nucleotide and amino acid sequences for all species except B. indicus were retrieved from GenBank (B. taurus NW_381204, H. sapiens NM_030956, R. norvegicus
XM_223422, C. familiaris XP_545953.1). The B. indicus TLR10 sequence was derived from this study. Patterns of leucine-rich repeats (LRRs) conserved across all
taxa are indicated by dashed, black boxes. SMART-predicted domains and protein regions are indicated as follows: signal peptides are indicated by small red boxes;
regions of low complexity are indicated in pink; regions of intrinsic disorder are indicated by small blue boxes; leucine-rich repeats are depicted as LRR, PFAM LRR,
and LRRCT; vertical blue rectangles indicate the transmembrane domain; TIR indicates Toll–interleukin 1-resistance homologous domain. Black arrows illustrate the
locations of predicted amino acid polymorphisms encoded by bovine TLR10 nsSNPs (3 Tyr/His, 18 Arg/His, 99 Ser/Arg, 117 Ala/Glu, 134 Ile/Met, 220 Ile/Thr, 237
Asn/Ile, 298 Thr/Ser, 320 Ile/Val, 346 Met/Val, 753 Lys/Thr, 763 Arg/His, see Table 4). Two predicted amino acid replacements (3 His, 18 His; Table 4) independently
abolish the SMART prediction of a 5′ region of intrinsic disorder for B. indicus TLR10.
510 C.M. Seabury et al. / Genomics 90 (2007) 502–515have also noted the apparent absence of a TLR10 homologue
within the chicken genome [23].
Discussion
TLR domain architecture and nsSNPs
The LRR-containing ectodomains of the TLR proteins have
previously been hypothesized to facilitate detection of invading
PAMPs [24,25], with several recent studies providing further
evidence for this relationship (for review see [12,26,27]).
Comparative prediction of TLR1 protein domain architectures
for multiple mammalian lineages and one outgroup avian
lineage revealed one perfectly preserved region of LRR
patterning across all species investigated (Fig. 1). However,
the C. familiaris TLR1 amino acid sequence (GenBank
XM_848960, XP_854053) is approximately half the length of
the other sequences evaluated and is therefore not representative
of a consensus TLR1 protein domain architecture. Signal
peptides were predicted for TLR1 of M. musculus and G.
gallus, but not for any other species surveyed (Fig. 1). Addi-tionally, H. sapiens was the only species for which a TLR1
internal repeat domain was predicted (Fig. 1). Nonsynonymous
SNPs were detected within all major protein domains predicted
for bovine TLR1 (Fig. 1), with predicted amino acid replace-
ments observed within the LRR, transmembrane, and TIR
domains (Fig. 1). However, only one nsSNP and predicted
amino acid replacement were observed for cattle breeds derived
from B. taurus (523 Ile/Val; Table 1; Fig. 1), whereas all five
nsSNPs and predicted amino acid replacements were observed
for B. indicus (Nelore; Table 1). Interestingly, none of the
predicted amino acid replacements encoded by nsSNPs (Table
1) manifested as novel protein domains during sequential
SMART [22] analyses. The predicted protein domain archi-
tectures for TLR1 were similar for five of the six species
investigated, indicating a discernable level of conservation
across mammal and bird lineages.
Comparative prediction of TLR5 protein domain architec-
tures for six mammalian lineages and one avian lineage revealed
three highly conserved regions of LRR patterning (Fig. 2). Each
conserved region consisted of multiple LRR domains among all
species investigated (Fig. 2). Comparative alignment of the
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minor deviations from an otherwise highly conserved consensus
configuration (Fig. 2). The two deviations noted were as
follows: (1) two additional LRR domains predicted for C.
familiaris and (2) one additional LRR domain predicted for B.
indicus. Notably, the ancillary LRR domain predicted for B.
indicus is the result of two distinct nsSNPs (378G and 442C),
both of which are independently and/or collaboratively
sufficient to result in the prediction of an additional LRR
domain (see Table 2; Fig. 2). Given no previous reports of these
TLR5 SNPs and/or their potential effect(s) on TLR5 protein
domain prediction, we considered the ancillary LRR domain
predicted for B. indicus to be novel. Notably, the nsSNPs 378R
and 442Y were observed in only two cattle breeds (Brahman
and Nelore) derived from B. indicus. Moreover, all six nsSNPs
and predicted amino acid replacements noted for bovine TLR5
were observed only for B. indicus-derived cattle breeds (see
Table 2). The distribution of nsSNPs included two major protein
domains predicted for bovine TLR5, with predicted amino acid
replacements noted within the LRR and transmembrane
domains (Fig. 2).
For the TLR loci evaluated in this study, comparative
sequence analysis of TLR10 for 10 domestic cattle breeds
(B. taurus and B. indicus) revealed the highest frequency of
nsSNPs. Collectively, 12 nsSNPs and predicted amino acid
replacements were noted for TLR10, representing at least a
twofold increase in the total number of nsSNPs observed
for either bovine TLR1 or bovine TLR5 (Tables 1, 2, 4); Figs.
1–3). Nonsynonymous SNPs were observed for regions
encoding the predicted signal peptide, LRR, and TIR domains
of bovine TLR10, with no nsSNPs detected within the predicted
transmembrane domain (Fig. 3). However, the majority of all
nsSNPs and predicted amino acid replacements detected for
bovine TLR10 (10/12) were located within the LRR-containing
ectodomain (Fig. 3). Similar to both TLR1 and TLR5, the
majority of bovine TLR10 nsSNPs were observed for cattle
breeds derived from B. indicus (Table 4; Fig. 3). Comparative
analysis of the predicted protein domain architectures for
TLR10 of five mammalian lineages revealed three highly
conserved regions of LRR patterning. Moreover, predicted
signal peptides and 3′ regions of intrinsic disorder were also
observed for all species evaluated (Fig. 3). Notably, the absence
of fixed 3D structure is itself a type of structure that may be
important for protein function [28]. Comparative alignment of
the predicted TLR10 protein domain architectures revealed
three minor deviations from a conserved consensus configu-
ration. The three deviations noted were as follows: (1) one or
two additional LRR domains predicted for R. norvegicus,
B. taurus, and B. indicus; (2) one region of low compositional
complexity predicted for H. sapiens and R. norvegicus; and (3)
a 5′ region of intrinsic disorder predicted for B. taurus. Sub-
sequent SMART analyses [22] revealed that the 5′ region of
intrinsic disorder predicted for B. taurus is abolished by two
predicted amino acid replacements (3 His, 18 His; Table 4)
encoded by TLR10 of Brahman and Nelore. Both predicted
amino acid replacements were located within the bovine TLR10
signal peptide domain identified by SMART [22] (Fig. 3).Bovine QTL alignment and potential associations
Three online databases providing public access to bovine
quantitative trait loci (QTL) are currently available for fine
mapping and the development of candidate genes through QTL
alignment with the bovine genome. Of the three databases
available, one is sponsored by Texas A&M University (Bovine
QTLViewer: http://bovineqtlv2.tamu.edu/index.html) while the
other two are hosted by Iowa State University (http://www.
animalgenome.org/QTLdb/cattle.html) and the University of
Sydney, Australia (http://www.vetsci.usyd.edu.au/reprogen/
QTL_Map/). A search of all databases for health-related QTL
identified on BTA6 (TLR10, TLR1, TLR6) revealed two bovine
QTL. Notably, a QTL of genome-wise significance for clinical
mastitis [29] was determined to overlap with the chromosomal
location of the TLR10–TLR1–TLR6 gene cluster. A second
genome-wide suggestive QTL affecting bovine spongiform
encephalopathy also overlapped with the TLR10–TLR1–TLR6
gene cluster on BTA6 [30]. Similar queries of all the
available bovine databases did not reveal any health-related
QTL that overlapped with the chromosomal position of TLR5
on BTA16.
Notably, previous studies indicate that TLR1 plays a role in
the recognition of triacylated lipoproteins and mycobacterial
products [31,32], with TLR2/1 heterodimers mediating the
strongest cell activation by killed Mycobacterium leprae [32].
Moreover, a recent human study demonstrated that three
TLR1 nsSNPs encoding predicted amino acid replacements
(S248N, H305L, and P315L) result in an attenuated response to
a variety of microbial agonists, including Mycobacteria mem-
brane fraction [33]. Comparative alignment of the TLR1 amino
acid sequences for cattle (B. taurus, B. indicus) and human
(NM_003263) revealed no common amino acid polymorphisms
among the three species. However, given the demonstrated
ability of TLR1 and TLR2/1 heterodimers to recognize
mycobacterial products [31–33], both TLR1 and TLR2 should
be considered potential candidate genes for Johne's disease in
cattle.
To date, three human TLR5 SNPs located within the LRR
and/or TIR domains have been demonstrated to abolish
flagellin-induced signaling [12], and one of the three SNPs
has been associated with susceptibility to Legionnaire's disease
in humans [12,34]. Comparative alignment of the TLR5 amino
acid sequences for cattle (B. taurus, B. indicus) and human
revealed no amino acid polymorphisms in common among the
three taxa. Nevertheless, because TLR5 has been demonstrated
to specifically recognize bacterial flagellin [35,36], bovine
TLR5 may be an important candidate gene for resistance to a
variety of economically important diseases caused by bacteria
such as Escherichia coli, Salmonella spp., Listeria spp., Pseu-
domonas spp., Campylobacter spp., and Clostridium spp.
[35,36].
Because no natural or synthetic ligands have been con-
clusively identified for TLR10 in mammals, it is unclear
precisely what effect, if any, nonsynonymous polymorphism
may have on bovine TLR10 pathogen recognition and sig-
naling. However, given evidence that TLR10 forms functional
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TLR10/TLR2) [8], it is possible that TLR10 may collabo-
ratively participate in the recognition of a wide variety of
microbial PAMPs, including those recognized by TLR2
[8,19,20]. Therefore, TLR10 should not be discounted as a
potentially important candidate gene for bovine innate
resistance to gram-positive bacteria, gram-negative bacteria,
and/or Mycobacteria.
Comparison with bovine TLRs 3, 7, 8, and 9
Using the same bovine DNA panel utilized in this study,
Cargill and Womack [37] recently described 130 SNPs within
21,715 bp of the bovine TLRs that recognize viral PAMPs
(TLRs 3, 7, 8, and 9), representing an average density of 1 SNP
for every 167 bp sequenced [37]. Comparative sequence
analysis of bovine TLRs 1, 5, and 10 yielded 92 SNPs within
11,307 bp, indicating an average density of 1 SNP for every
123 bp sequenced. Application of Fisher's exact test to an
overall comparison of the two data sets revealed a significantly
higher proportion of SNPs detected within bovine TLRs 1, 5,
and 10, collectively (p=0.0274, two-tailed test). The precise
origin of this disparity is currently unknown. Further compar-
ison revealed that the overall ratios of nsSNPs versus
synonymous SNPs (sSNPs) for both data sets (bovine TLRs 3,
7, 8, 9 versus 1, 5, and 10) are essentially identical (bovine
TLRs 3, 7, 8, and 9 ratio=16 nsSNPs/17 sSNPs; bovine TLRs
1, 5, and 10 ratio=23 nsSNPs/24 sSNPs).
The most remarkable difference noted between the SNP data
reported here and that recently reported by Cargill and Womack
[37] is the physical locations of nsSNPs within the TLR genes
investigated. Notably, no nsSNPs were detected within the
predicted transmembrane or TIR domains of bovine TLRs 3, 7,
8, and 9. However, a total of five nsSNPs were detected within
the predicted transmembrane and/or TIR domains of bovine
TLRs 1, 5, and 10 (Figs. 1–3). The lack of nsSNPs observed
within the predicted transmembrane domain of TLRs 3, 7, 8,
and 9 [37] may be due to the fact that TLRs recognizing viral or
bacterial nucleic acids reside in intracellular compartments,
with the transmembrane domain influencing cellular localiza-
tion (intracellular versus cell surface) [38]. Moreover, the
ability of TLRs 3, 7, 8, and 9 to discriminate between self and
foreign nucleic acids may be influenced by their intracellular
localization [38]. Therefore, alteration of the normal cellular
localization patterns associated with bovine TLRs 3, 7, 8, and 9
may be potentially deleterious with respect to bovine innate
immunity.
Conclusions and future studies
The primary objective of this study was to characterize both
SNPs and indels that will facilitate future association and TLR
signaling studies relevant to bovine innate immunity. Addition-
ally, we also endeavored to elucidate how nsSNPs within
bovine TLRs 1, 5, and 10 influence the prediction of protein
domain architecture while also comparatively defining con-
served regions of LRR patterning among cow, human, mouse,rat, dog, and chicken. Collectively, 98 polymorphisms were
identified within bovine TLRs 1, 5, and 10, with at least 14
nsSNPs located within predicted domains generally considered
to be functionally significant. Additionally, comparative
analysis of all predicted protein domain architectures revealed
seven highly conserved regions of LRR patterning associated
with the three genes investigated. Notably, the TLR10–TLR1–
TLR6 gene cluster may be a viable candidate for a clinical
mastitis QTL on BTA6. Future work will entail both SNP
validation and haplotype inference for larger sample sets to
facilitate case–control studies as well as QTL fine mapping in
domestic cattle.
Materials and methods
Primers and PCR amplification
All PCR primers were designed using Primer3 online (http://frodo.wi.mit.
edu/cgi-bin/primer3/primer3_www.cgi), with optimal annealing temperature set
at 58°C. PCR primers for amplification and direct sequencing of TLRs 1, 5, and
10 are presented in Table 5. In total, 3 primer pairs were designed for TLR1, 10
primer pairs were designed for TLR5, and 6 primer pairs were designed for
TLR10. Working stocks of all primers were diluted to 10 μM for PCR
amplification and direct sequencing.
A single step-down thermocycling procedure was used to generate
amplicons for bovine TLR5 and TLR10 using 25-μl PCRs and the following
thermal parameters: 5 min at 95°C; 5 cycles×30 s at 95°C, 20 s at 60°C, and
1 min at 72°C; 30 cycles×20 s at 95°C, 20 s at 58°C, and 1 min at 72°C;
10 min at 72°C. Thermal cycling parameters utilized to generate amplicons for
bovine TLR1 were identical to those described above, with the following
exceptions: initial annealing temperature of 62°C followed by a final annealing
temperature of 59°C. Each 25-μl PCR consisted of the following: 50–100 ng
DNA, 0.2 mM each dNTP, 0.4 μM each primer (forward and reverse), 1.5 mM
MgCl2, 1× GeneAmp PCR Gold Buffer (Applied Biosystems, Foster City, CA,
USA), 0.2× MasterAmp PCR Enhancer (Epicentre, Madison, WI, USA), and
1.66 units of AmpliTaq Gold DNA polymerase (Applied Biosystems). Several
amplicons required alternate MgCl2 concentrations for optimization: TLR5
amplicon 5_07 required 2.5 mM MgCl2, TLR5 amplicon 5_10 required
1.8 mM MgCl2, and TLR10 amplicons 10_02, 10_03, and 10_04 required
1.8 mM MgCl2. All resulting PCR products were visualized via agarose
electrophoresis and subsequently purified using the QIAquick PCR Purifica-
tion Kit (Qiagen, Inc., Valencia, CA, USA) according to the manufacturer's
recommendations.
Sequencing
Direct sequencing of all PCR products for bovine TLRs 1, 5, and 10 was
initially carried out on a control sample to verify sequence identities prior to the
polymorphism screen. Thereafter, all purified bovine TLR amplicons were
directly sequenced in both directions using Big Dye Terminator Cycle Se-
quencing technology in conjunction with GeneAmp 9700 PCR Systems
(Applied Biosystems) in 10-μl reaction volumes. Each 10-μl sequencing
reaction consisted of the following: 2 μl of ABI BigDye v1.1 (Applied
Biosystems), 2 μl of halfBD (Genetix USA, Inc., Boston, MA, USA), 1 μl of
PCR primer (10 μM), 0.5 μl of MasterAmp, 6 ng/100 bp of purified PCR
product, and enough Gibco distilled water (Invitrogen, Grand Island, NY, USA)
to bring the volume to 10 μl. Thermocycling parameters for PCR product
sequencing were as follows: 5 min at 95°C; 50 cycles×30 s at 95°C, 20 s at
50°C, and 4 min at 60°C; 5 min at 60°C. All sequencing reactions were
subsequently purified using G-50 Sephadex columns (Biomax, Odenton, MD,
USA) according to the manufacturer's recommended protocol. Purified
sequencing reactions were dried using a SpeedVac and stored at −20°C. Each
sample was rehydrated with 15 μl of ABI HiDi Formamide (Applied
Biosystems) and resolved on an ABI 3130 automated sequencer (Applied
Biosystems).
Table 5
Oligonucleotide primers for PCR amplification and sequencing of bovine TLRs 1, 5, and 10
Forward (5′ to 3′) Reverse (5′ to 3′)
TLR1 a
TLR1_01 (470 bp) b ATGCCTGACATCCTCTCACT AGTTCCAGACTCACTGTGGTG
TLR1_02 (890 bp) b TCCAGTGTGCAGTCAATCAC AGAACCTTGATCTGAGGAGGT
TLR1_03 (1195 bp) b TGACCCAGGAAATGAAGTCT CCGTGTTAATGTATTTCTGCTG
TLR5 c
TLR5_01 (642 bp) b TTTGGGAAACGGAGGATAAG GCACCTTTGAGGCTGTGA
TLR5_02 (661 bp) b GCCTGCTTTTGATACTTTGG AGGTGTCCGCTATGTTCTCA
TLR5_03 (563 bp) b TCCCTTACCTTCCAGCAGA AAGTTGGGGAAAACATTAGG
TLR5_04 (541 bp) b GGCAGATTAGAGGGGAAAGA CCATCAAAGAAGCAGGAAGA
TLR5_05 (687 bp) b TCACTCTCCCTTCTTCTCCA CAGACACTTGTTCCAGTCCA
TLR5_06 (700 bp) b CCTCCAAGGGAAAACACTCT ATTGGCTGTAAGTGGGATGT
TLR5-07 (652 bp) b TTTTCTTCCAAGCATTCCTA AGCCAGAGAGTTTGGGTACA
TLR5_08 (592 bp) b GAAACCAGCTCCTCTCTCCT ATCTTTCTGCTGCTCCACAC
TLR5_9 (541 bp) b AGACTTTGAATGGGTGCAGA TGGTAACTGGCGGAAATAAA
TLR5_10 (764 bp) b GGAGCAGTTTCCACTTATCG ATTCTCATGCCGGTTTCTTT
TLR10 d
TLR10_01 (813 bp) b CTGAGGTGAACCAGTGATAAAA ATCGTCCCAGGATAAGTCAA
TLR10_02 (768 bp) b TGCCCATCTTAAACACAACA ACCCAAAAACAGAATCAGCA
TLR10_03 (623 bp) b CCAGCAACACATCCCTGA AAAGTGGAGGCAGCAGAAG
TLR10_04 (655 bp) b ATTGTGGTTGTCATGCTCGT AACCTCCAAACCCTTCATTC
TLR10_05 (748 bp) b TTTATTAGACACCAGAGGGACA GCGGATTCTTTGTGATTGAG
TLR10_06 (868 bp) b TATTGTTGGCTGCACTGAGA AGACGTGTGTTCTGGGAAAG
a Contig accession number used for TLR1 primer design: NC_007304.
b Expected amplicon sizes based on NC_007304, NW_487823, and NW_381204.
c Contig accession number used for TLR5 primer design: NW_487823.
d Contig accession number used for TLR10 primer design: NW_381204.
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DNA from an Angus bull (J.E.W.38) was utilized for initial primer
optimization and verification of amplicon sequence identities via BLAST (http://
www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=9913) and/or
CLUSTALW (http://clustalw.ddbj.nig.ac.jp/top-e.html) alignment with the
relevant Hereford reference sequence from the Bovine Genome Project. The
Angus DNA sample was extracted from fibroblast skin cell culture as previously
described [21]. Additional bovine DNA samples representing multiple cattle
breeds were previously isolated from spermatozoa [39,40] and readily available
in a local repository. In addition to the Angus sample used for optimization, one
bovine DNA sample was also selected from the following breeds: Braford,
Brahman, Charolais, Holstein, Limousin, Nelore, Piedmontese, and Romagnola.
Bovine DNA samples used in this study were chosen with the intent of
surveying a diverse spectrum of germplasm representing both B. taurus and B.
indicus. All sequences generated in this study were compared to the publicly
available Hereford sequence from the Bovine Genome Project (http://www.
hgsc.bcm.tmc.edu/projects/bovine/).
Comparative sequence analysis
All bovine TLR sequences were assembled and analyzed within the program
Sequencher 4.7 (Gene Codes Corp., Ann Arbor, MI, USA) using the more
rigorous default assembly parameters. Sequence quality was examined by
manual inspection of electropherograms and confirmed via Sequencher 4.7
quality analysis score. Heterozygous nucleotides were flagged manually during
initial electropherogram inspection and confirmed by Sequencher 4.7 analysis of
overlapping sequences. Several amplicons were evaluated by a secondary round
of PCR and sequencing to validate observed polymorphisms. All heterozygous
nucleotides were annotated with the appropriate IUPAC-IUB code for
heterozygosity within Sequencher 4.7, and the final consensus sequences
were exported for further analysis. Electropherograms displaying evidence of
indel polymorphism were imported into Mutation Surveyor 3.00 (SoftGenetics,
State College, PA, USA) for resolution of heterozygous indels by deconvoluting
the sequence traces into two separate sequences. Both alleles from everyMutation Surveyor heterozygous indel prediction were also observed as
homozygous indel polymorphisms within the sample of 10 bovine breeds,
with all possible genotypic classes (+/+, +/−, −/−) observed within the sample.
Moreover, forward and reverse sequences flanking a heterozygous indel were
also used to manually identify the position and sequence of the indel. Mutation
Surveyor heterozygous indel prediction and manual methods were fully
congruent.
The online utility SMART [22] (http://smart.embl-heidelberg.de/) was used
for comparative prediction of TLR protein domain architectures. For all protein
domain searches and predictions the normal mode of SMART was used in
conjunction with the following settings: include PFAM domains, signal
peptides, internal repeats, and intrinsic protein disorder.
Using the aforementioned settings, SMART was also utilized to evaluate
how predicted amino acid replacements influence the prediction of protein
domain architectures for bovine TLRs 1, 5, and 10. Predicted amino acid
replacements were sequentially evaluated in SMART according to how they
were observed in the sample (genotypically).
Statistical analysis
Two-tailed Fisher's exact tests were performed using the freeware STAT-
SAK (G.E. Dallal). Two-by-two tables constructed for comparisons are
available upon request. pb0.05 was considered statistically significant.Acknowledgments
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